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Measurements	that	I	report	today

-	BF(Λc
+	➝	p	K-	π+)												:	PRL	116,	052001	(2016)	

-	BF(Λc
+	➝	n	KS0	π+)										:	PRL	118,	12001	(2017)	

-	BF(Λc
+	➝	p	(π+π-/K+K-))	:	PRL	117,	232002	(2016)	

-	BF(Λc
+	➝	p	(η/π0))										:	PRD	95,	111102(R)	(2017)	

-	BF(Λc
+	➝	Σ-π+π+π0)									:	just	accepted	to	PLB	

-	BF(Λc
+	➝	Λ	X)																		:	Preliminary	result	

-	BF(Λc
+	➝	Λ	e+	νμ)												:	PRL	115,	221805	(2015)	

-	BF(Λc
+	➝	Λ	μ+	νμ)												:	PLB	767,	42	(2017)
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Λc

•	The	lightest	charmed	baryons	  
		➞	most	of	the	charmed	baryons	  
								will	eventually	decay	into	Λc.  
							Important	to	know	the	decay			 
							proper`es	of	Λc.	

•The	golden	mode,	Λc
+	➝	p	K-	π+,	

oaen	used	to	normalize		many	BFs. 
⇒	Very	important	to	determine	the	

absolute	BF.	

•Also	important	input	to	Λb	Physics	
as	Λb	decays	dominantly	to	Λc.	

• 	Total	known	measured	BF	is	~	60%.

– 2–

decuplet, such as the decuplet that includes the ∆(1232). Fig-

ure 2(b) shows the 20 ′-plet whose bottom level is an SU(3)

octet, such as the octet that includes the nucleon. Figure 2(c)

shows the 4̄ multiplet, an inverted tetrahedron. One level up
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Fig. 1. (a) The known charmed baryons, and (b) the
lightest “4-star” strange baryons. Note that there are two
JP = 1/2+ Ξc states, and that the lightest Ωc does not
have J = 3/2. The JP = 1/2+ states, all tabbed with
a circle, belong to the SU(4) multiplet that includes the
nucleon; states with a circle with the same fill belong
to the same SU(3) multiplet within that SU(4) multiplet.
Similar remarks apply to the other states: same shape of
tab, same SU(4) multiplet; same fill of that shape, same
SU(3) multiplet. The JP = 1/2− and 3/2− states tabbed
with triangles complete two SU(4) 4̄ multiplets.

October 1, 2016 19:58
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BESIII	is	at	Ins`tute	of	High	Energy	Physics	(IHEP)	in	Beijing,	China

Beijing	Airport

IHEP

Beijing	Downtown
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Japan (1)

Tokyo Univ.

US (4)

Univ. of Hawaii
Carnegie Mellon Univ. 

Univ. of Minnesota 
Univ. of Indiana

Europe (14)
Germany: Univ. of Bochum, 

Univ. of Giessen, GSI
Univ. of Johannes Gutenberg

Helmholtz Ins. In Mainz, Univ. of Munster
Russia: JINR Dubna; BINP Novosibirsk 

Italy: Univ. of Torino，Frascati Lab, Ferrara 
Univ.

Netherland：KVI/Univ. of Groningen
Sweden: Uppsala Univ. 

Turkey: Turkey Accelerator Center
China(34)

IHEP, CCAST, UCAS, Shandong Univ., 
Univ. of Sci. and Tech. of China
Zhejiang Univ., Huangshan Coll. 

Huazhong Normal Univ., Wuhan Univ.
Zhengzhou Univ., Henan Normal Univ.

Peking Univ., Tsinghua Univ. ,
Zhongshan Univ.,Nankai Univ., Beihang Univ.

Shanxi Univ., Sichuan Univ., Univ. of South China
Hunan Univ., Liaoning Univ., Univ. of Sci. and Tech. Liaoning 

Nanjing Univ., Nanjing Normal Univ., Southeast Univ.
Guangxi Normal Univ., Guangxi Univ.
Suzhou Univ., Hangzhou Normal Univ.

Lanzhou Univ., Henan Sci. and Tech. Univ.
Jinan Univ., Hunan Norml Univ., Xinyang Normal Univ.

Korea (1)

Seoul Nat. Univ.

Pakistan (2)

Univ. of Punjab
COMSAT CIIT

~ 450 members
from 58 institutions in 13 countries 

BESIII Collaboration

13

Mongolia  (1)

Institute of Physics 
and Technology

India  (1)
Indian Institute of Technology
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BEPC	II	
(Beijing	Electron-Positron	Collider	II)

6

- Double	ring	collider.	

-Opera`ng	since	2008.	

- Ebeam	=	1-2.3	GeV.  
Op`mal	@	1.89	GeV.  
 
 
 

- Can	fill	up	to	93	bunches	in	each	ring	w/	max	current	of	0.9A.	

- Designed	luminosity	=	1×1033	cm-2s-1	was	achieved	in	April	2016!

The	BESIII	detector

Compton	backscaqering  
to	measure	Ebeam
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Linac
Storage	ring

Where	I	sleep:	
Next	to	a	Chinese	restaurant!!Coun`ng	room:	

where	I	take	shias

BESIII	detector

BEPC	II	and	BESIII
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BESIII	detector

- A	powerful	general	purpose	detector.	
- Excellent	neutral/charged	par`cle	detec`on/iden`fica`on	with	a	large	coverage.	
✓		Precision	tracking	
✓		CsI	calorimeter	
✓		PID	via	dE/dx	&	Time	of	Flight

Magnet:	1T	Super	conduc`ng

MDC:	small	cell	&	Gas: 
He/C3H8	(60/40),	43	layers	
σp/p=0.5%@1GeV,	σdEdx=6%

EMCAL:	CsI	crystal	
ΔE/E=2.5	@1GeV

MUC:	9	layers	RPC  
(8	layers	in	Endcap)	
σRΦ=1.4~1.7cm

Time	of	Flight	
σT=100ps	in	Barrel	
110ps	in	Endcap
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The	e+e-	annihila`on	data	sample

-Collected	at	Ecm	=	4.599	GeV	(CPC	40,	063001	(2016)).  
Ecm	-	2×MΛc	=	26	MeV	only! 

-The	integrated	luminosity	=	567	pb-1	(CPC	39,	093001	(2015)).  

-Number	of	Λc	produced	~	0.2M	(PRL	116,	052001	(2016)).

9
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Other	CHARM	samples

-D0(+)	sample:	collected	at	Ecm	=	3.773	GeV.  
The	integrated	luminosity	=	2.93	x-1.	

-Ds	samples:	

‣	collected	at	Ecm	=	4.009	GeV.  
The	integrated	luminosity	=	0.482	x-1.	

‣	collected	at	Ecm	=	4.178	GeV.  
The	integrated	luminosity	=	3.19	x-1.	

for	more	details,	see;  
		Bai-Cian	Ke’s	talk	(D(s)	hadronic	decycays;	right	aaer	this	talk)	 
		and	  
		Huijing	Li’s	talk	((semi)	leptonic	decays	of	D(s)	in 
		Thursday	morning	session	of	Quark	and	Lepton	Flavor).

10
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Charm	produc`on	@	mass	threshold

11

Detection of�the�Ȧ஼േ pairs

We�reconstruct�the�particles
from�final�state�particles:

� ଴ߨ ՜ ߛߛ
� ௌܭ ՜ ିߨାߨ
� ߱ ՜ ଴ߨିߨାߨ
� Ȧ ՜ ିߨ݌
� ȭ଴ ՜ Ȧߛ
� ȭା ՜ ଴ߨ݌

Reconstruction�of�particles

;LDR�'RQJ��,+(3� ���������Ȧ஼ GHFD\V�DW�%(6,,, %DU\RQV�������)68���������

݁ା ݁ି
Ȧ஼ି

Ȧ஼ା

Ȧ
ିߨ

݌
ିߨ

ାܭ

12�modes�to�
reconstruct�the�Ȧ஼ା

                          

                        
                             

Tag	side

Signal	side

- Around	Ecm	~	4.6	GeV	,	  
they	are	produced	in	pair.  
				e+e-	➝	γ*	➝	Λc

±Λ̅c
∓.	

- Typically,	two	ways 
to	obtain	the	Λc	yields:	

❖ 	Single	Tag	(ST)	:	Reconstruct	only	one	of	the	Λc-pair.	

➡Larger	backgrounds.	

➡Higher	efficiencies.	

❖ 	Double	Tag	(DT):	Find	both	of	them.	

➡Smaller	backgrounds.	

➡Smaller	efficiencies.
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Two	popular	variables

- Beam-Constrained-Mass;	MBC	=	√(Ebeam2	-	|	p⃗Λc|2) 
	p⃗Λc	is	a	reconstructed	Λc	3-momentum.	

‣ Its	resolu`on	is	dominated	by	the	spread	in	Ebeam  
(i.e.,	mostly	independent	of	final	states	of	Λc	decays.	

‣ The	signal	has	asymmetric	shape  
(longer	tail	on	its	high	side) 
	due	to	the	ISR	effect	(|	p⃗Λc|	gets	smaller)  

- ∆E	=	EΛc	-	Ebeam	

‣ Almost	independent	of	the	measured	MBC.

12

Reconstruction of Λ௖

No peaking 
background.

2

Backgrounds study from inclusive MC:

Tag yields from data:

Double tag method:

௜ܰ
௦௜௚ ൌ 2ܰஃ೎శஃ೎

ష · ࣜ௜௧௔௚ · ࣜ௦௜௚ · ௜௦௜௚ߝ · ,௦௜௚ߝ

௜ܰ
௧௔௚ ൌ 2ܰஃ೎శஃ೎

ష · ࣜ௜௧௔௚ · ,௜௦௜௚ߝ

ࣜ௦௜௚ ൌ ∑ ே೔
ೞ೔೒/ఌ೔

ೞ೔೒
೔
∑ ே೔

೟ೌ೒
೔

.

A	typical	ST	MBC
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- First	absolute	BF	measurement	of	this	golden	mode.	

- Improved	BF	measurements	of	other	CF	hadronic	modes.	

- The	BFs	are	extracted	via	the	double-tag	technique.	

- For	instance,	for	the	case	of	Λc
+	➝	p	K-	π+	and	Λ̅c

-	➝	Λ̅	π-: 
 
BF(Λc

+	➝	p	K-	π+)	  
							=	NDT/NST	×	ε(Λ̅c

-	➝	Λ̅	π-)/ε(Λ̅c
-	➝	Λ̅	π-	and	Λc

+	➝	p	K-	π+).  
 
No`ce	that;	

‣	BF	is	determined	independent	of	NΛcΛ̅c	and	

‣	The	systema`c	uncertainty	due	to	the	reconstruc`on	of	  
		Λ̅c

-	➝	Λ̅	π-	tend	to	be	canceled	in	the	ra`o.

BF(Λc
+	➝	p	K-	π+) 

PRL	116,	052001	(2016)
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• Look	for	12	different	tag	modes.

Extrac`ng	NST	and	NDT

              

parameters of the Gaussians are allowed to vary in the
fits. Backgrounds for each mode are described with the
ARGUS function [16]. The resultant ST yields in the signal
region 2276 < MBC < 2300 MeV=c2 and the correspond-
ing detection efficiencies are listed in Table I.
In the signal candidates of the 12 ST modes, a specific

mode Λþ
c → i is formed from the remaining tracks and

showers recoiling against the ST Λ̄−
c . We combine the DT

signal candidates over the 12 ST modes and plot the
distributions of the MBC variable in Fig. 2. We follow the
same fit strategy as in the ST samples to estimate the total
DT yield NDT

i− in Eq. (4), except that the DT signal shapes
are derived from the DT signal MC samples and convolved

with the Gaussian function. The parameters of the
Gaussians are also allowed to vary in the fits. The extracted
DT yields are listed in Table I. The 12 × 12 DT efficiencies
εij are evaluated based on the DT signal MC samples, in
order to extract the BFs.
Main sources of systematic uncertainties related to the

measurement of BFs include tracking, PID, reconstruction
of intermediate states and intermediate BFs. For theΔE and
MBC requirements, the uncertainties are negligible, as we
correct resolutions in MC samples to accord with those in
data. Uncertainties associated with the efficiencies of the
tracking and PID of charged particles are estimated by
studying a set of control samples of eþe− → πþπþπ−π−,
KþK−πþπ− and pp̄πþπ− based on data taken at energies
above

ffiffiffi
s

p
¼ 4.0 GeV. An uncertainty of 1.0% is assigned

to each π0 due to the reconstruction efficiency. The
uncertainties of detecting K0

S and Λ are determined to be
1.2% and 2.5%, respectively. Reweighting factors for the
12 signal models are varied within their statistical uncer-
tainties obtained from the ST data samples. Deviations of
the resultant efficiencies are taken into account in system-
atic uncertainties. Systematic uncertainties due to limited
statistics in MC samples are included. Uncertainties on the
BFs of intermediate state decays from the PDG [4] are also
included. A summary of systematic uncertainties are given
in Table II.
We use a least-squares fitter, which considers statistical

and systematic correlations among the different hadronic
modes, to obtain the BFs of the 12 Λþ

c decay modes
globally. Details of this fitter are discussed in Ref. [17].
In the fitter, the precisions of the 12 BFs are constrained to a
common variable, NΛþ

c Λ̄−
c
, according to Eqs. (1) and (4). In

total, there are 13 free parameters (12 Bi and NΛþ
c Λ̄−

c
) to be

c
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FIG. 1. Fits to the STMBC distributions in data for the different
decay modes. Points with error bars are data, solid lines are the
sum of the fit functions, and dashed lines are the background
shapes.
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FIG. 2. Fits to the DT MBC distributions in data for different
signal modes. Points with error bars are data, solid lines are the
sum of fit functions, and dashed lines are background shapes.

TABLE I. Requirement on ΔE, ST yields, DT yields and
detection efficiencies for each of the decay modes. The uncer-
tainties are statistical only. The quoted efficiencies do not include
any subleading BFs.

Mode ΔE (MeV) NST
j εjð%Þ NDT

i− εDTi− ð%Þ
pK0

S ð−20; 20Þ 1243% 37 55.9 97% 10 16.6
pK−πþ ð−20; 20Þ 6308% 88 51.2 420% 22 14.1
pK0

Sπ
0 ð−30; 20Þ 558% 33 20.6 47% 8 6.8

pK0
Sπ

þπ− ð−20; 20Þ 485% 29 21.4 34% 6 6.4
pK−πþπ0 ð−30; 20Þ 1849% 71 19.6 176% 14 7.6
Λπþ ð−20; 20Þ 706% 27 42.2 60% 8 12.7
Λπþπ0 ð−30; 20Þ 1497% 52 15.7 101% 13 5.4
Λπþπ−πþ ð−20; 20Þ 609% 31 12.0 53% 7 3.6
Σ0πþ ð−20; 20Þ 522% 27 29.9 38% 6 9.9
Σþπ0 ð−50; 30Þ 309% 24 23.8 25% 5 8.0
Σþπþπ− ð−30; 20Þ 1156% 49 24.2 80% 9 8.1
Σþω ð−30; 20Þ 157% 22 9.9 13% 3 3.8

PRL 116, 052001 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

5 FEBRUARY 2016

052001-5

parameters of the Gaussians are allowed to vary in the
fits. Backgrounds for each mode are described with the
ARGUS function [16]. The resultant ST yields in the signal
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i− in Eq. (4), except that the DT signal shapes
are derived from the DT signal MC samples and convolved

with the Gaussian function. The parameters of the
Gaussians are also allowed to vary in the fits. The extracted
DT yields are listed in Table I. The 12 × 12 DT efficiencies
εij are evaluated based on the DT signal MC samples, in
order to extract the BFs.
Main sources of systematic uncertainties related to the

measurement of BFs include tracking, PID, reconstruction
of intermediate states and intermediate BFs. For theΔE and
MBC requirements, the uncertainties are negligible, as we
correct resolutions in MC samples to accord with those in
data. Uncertainties associated with the efficiencies of the
tracking and PID of charged particles are estimated by
studying a set of control samples of eþe− → πþπþπ−π−,
KþK−πþπ− and pp̄πþπ− based on data taken at energies
above

ffiffiffi
s

p
¼ 4.0 GeV. An uncertainty of 1.0% is assigned

to each π0 due to the reconstruction efficiency. The
uncertainties of detecting K0

S and Λ are determined to be
1.2% and 2.5%, respectively. Reweighting factors for the
12 signal models are varied within their statistical uncer-
tainties obtained from the ST data samples. Deviations of
the resultant efficiencies are taken into account in system-
atic uncertainties. Systematic uncertainties due to limited
statistics in MC samples are included. Uncertainties on the
BFs of intermediate state decays from the PDG [4] are also
included. A summary of systematic uncertainties are given
in Table II.
We use a least-squares fitter, which considers statistical

and systematic correlations among the different hadronic
modes, to obtain the BFs of the 12 Λþ
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TABLE I. Requirement on ΔE, ST yields, DT yields and
detection efficiencies for each of the decay modes. The uncer-
tainties are statistical only. The quoted efficiencies do not include
any subleading BFs.
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Σ0πþ ð−20; 20Þ 522% 27 29.9 38% 6 9.9
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Single	Tag
Double	Tag

•Very	clean	event	environment!	

• In	the	above	DT	case,	 
summed	over	the	12	tag	modes	

• Simultaneously	fit	to	the	all 
NDT	=	NΛcΛ̅c	×	BFΛ̅c➝tag	×	BFΛc➝sig	×	εDT,	while  
constraining	NΛcΛ̅c,	taking	into	account	
correla`ons	over	modes. 
NΛcΛ̅c	will	be	a	byproduct.

Single Tag (ST) and Double Tag (DT)
method at Threshold

The absolute BF can be obtained by the ratio of DT yields to ST yields.
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- BF(Λc
+	➝	p	K-	π+)	:	Consistent?	…	within	~2σ	…  

Hopefully,	the	agreement	would	improve	further	in	the	near	
future.  
(more	data?	new	technique?)	

- Also	obtained	NΛcΛ̅c	=	(105.9±4.8±0.5)×103.	

- 	Other	BF(Λc
+	➝	hadrons)	are	measured	with	improved	precisions.

estimated. As peaking backgrounds in ST modes and cross
feeds among the 12 ST modes are suppressed to a
negligible level, they are not considered in the fit.
The extracted BFs of Λþ

c are listed in Table III; the
correlation matrix is available in the Supplemental Material
[18]. The total number of Λþ

c Λ̄−
c pairs produced is obtained

to be NΛþ
c Λ̄−

c
¼ ð105.9$ 4.8$ 0.5Þ × 103. The goodness-

of-fit is evaluated as χ2=ndf ¼ 9.9=ð24 − 13Þ ¼ 0.9.
To summarize, 12 Cabibbo-favored Λþ

c decay rates are
measured by employing a double-tag technique, based on a
sample of threshold data at

ffiffiffi
s

p
¼ 4.599 GeV collected at

BESIII. This is the first absolute measurement of the Λþ
c

decay branching fractions at the Λþ
c Λ̄−

c production thresh-
old, in the 30 years since the Λþ

c discovery. A comparison
with previous results is presented in Table III. For the
golden mode BðpK−πþÞ, our result is consistent with
that in PDG, but lower than Belle’s with a significance
of about 2σ. For the branching fractions of the other modes,

the precisions are improved by factors of 3–6 compared
to the world average values.
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TABLE II. Summary of systematic uncertainties, in percent.
The total numbers are derived from the least-squares fit, by taking
into account correlations among different modes.

Source Tracking PID K0
S Λ π0

Signal
model

MC
stat

Quoted
BFs Total

pK0
S 1.3 0.3 1.2 0.2 0.4 0.1 2.0

pK−πþ 2.5 3.2 0.2 3.9
pK0

Sπ
0 1.1 1.6 1.2 1.0 1.0 0.5 0.1 2.7

pK0
Sπ

þπ− 2.8 5.4 1.2 0.5 0.5 0.1 5.9
pK−πþπ0 3.3 5.8 1.0 2.0 0.5 6.6
Λπþ 1.0 1.0 2.5 0.5 0.5 0.8 2.4
Λπþπ0 1.0 1.0 2.5 1.0 0.6 0.6 0.8 2.7
Λπþπ−πþ 3.0 3.0 2.5 0.8 0.8 0.8 4.7
Σ0πþ 1.0 1.0 2.5 1.7 0.7 0.8 2.4
Σþπ0 1.3 0.3 2.0 1.7 0.8 0.1 2.5
Σþπþπ− 3.0 3.7 1.0 0.8 0.4 0.1 4.7
Σþω 3.0 3.2 2.0 7.1 1.0 0.8 4.5

TABLE III. Comparison of the measured BFs in this work with
previous results from PDG [4]. For our results, the first un-
certainties are statistical and the second are systematic.

Mode This work (%) PDG (%)

pK0
S 1.52$ 0.08$ 0.03 1.15$ 0.30

pK−πþ 5.84$ 0.27$ 0.23 5.0$ 1.3
pK0

Sπ
0 1.87$ 0.13$ 0.05 1.65$ 0.50

pK0
Sπ

þπ− 1.53$ 0.11$ 0.09 1.30$ 0.35
pK−πþπ0 4.53$ 0.23$ 0.30 3.4$ 1.0
Λπþ 1.24$ 0.07$ 0.03 1.07$ 0.28
Λπþπ0 7.01$ 0.37$ 0.19 3.6$ 1.3
Λπþπ−πþ 3.81$ 0.24$ 0.18 2.6$ 0.7
Σ0πþ 1.27$ 0.08$ 0.03 1.05$ 0.28
Σþπ0 1.18$ 0.10$ 0.03 1.00$ 0.34
Σþπþπ− 4.25$ 0.24$ 0.20 3.6$ 1.0
Σþω 1.56$ 0.20$ 0.07 2.7$ 1.0

PRL 116, 052001 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

5 FEBRUARY 2016

052001-6

Belle		
BF(Λc

+	➝	p	K-	π+)		=	(6.84±0.24+0.21-0.27)%	
	PRL	113,	042002	(2014)

PDG	2014
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- First	direct	measurement	Λc	decay	involving	the	neutron	in	the	final	state.	
- A	test	of	the	isospin	symmetry.

Observa`on	of	Λc
+	➝	n	KS0	π+  

PRL	118,	112001	(2017)

Since the neutron is not detected, we use a kinematic
variable,

M2
miss ≡ E2

miss=c
4 − j~pmissj2=c2;

to obtain information on the missing neutron, where Emiss
and ~pmiss are the missing energy and momentum carried by
the neutron, respectively, which are calculated by Emiss ≡
Ebeam − EK0

S
− Eπþ and ~pmiss ≡ ~pΛþ

c
− ~pK0

S
− ~pπþ , where

~pΛþ
c

is the momentum of the Λþ
c baryon, EK0

S
(~pK0

S
)

and Eπþ (~pπþ) are the energies (momenta) of the K0
S and

πþ, respectively. Here, the momentum ~pΛþ
c
is given by

~pΛþ
c
¼ −p̂tag

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam=c

2 −m2
Λ̄−
c
c2

q
, where p̂tag is the direc-

tion of the momentum of the ST Λ̄−
c andmΛ̄−

c
is the nominal

Λ̄−
c mass [1]. If the K0

S and πþ from the decay Λþ
c →

nK0
Sπ

þ are correctly identified, the M2
miss is expected to

peak around the nominal neutron mass squared.
The scatter plot of Mπþπ− versus M2

miss for the Λþ
c →

nK0
Sπ

þ candidates in data is shown in Fig. 1, where a
cluster of events in the signal region is clearly visible.
According to MC simulations, the dominant backgrounds
are from the decays Λþ

c → Σ−πþπþ and Λþ
c → Σþπþπ−

with Σ# → nπ#, which have the same final state as signal.
These background events form a peaking background in
M2

miss, but are distributed flat in Mπþπ− . Backgrounds from
non-Λþ

c decays are estimated by examining the ST candi-
dates in the MBC sideband ð2.252; 2.272Þ GeV=c2 in data,
whose area is 1.6 times larger than the background area in
the signal region.
To obtain the yield of Λþ

c → nK0
Sπ

þ events, we perform
a two-dimensional unbinned maximum likelihood fit to the
M2

miss and Mπþπ− distributions in both MBC signal and
sideband regions simultaneously. As verified with MC
simulations, we model the Mπþπ− and M2

miss distributions
with a product of two one-dimensional probability density
functions, one for each dimension. The signal functions for
M2

miss and Mπþπ− are both described by double Gaussian
functions. The peaking background in the M2

miss distribu-
tion is described by a double Gaussian function with

parameters fixed according to MC simulations, and the
flat distribution in the Mπþπ− spectrum is described by a
constant function. The non-Λþ

c decay background is
modeled by a second-order polynomial function in the
M2

miss distribution and a Gaussian function plus a second-
order polynomial function in the Mπþπ− distribution, in
which the parameters and the normalized background
yields are constrained by the events in MBC sideband in
the simultaneous fit. The fit procedure is validated by
analyzing a large ensemble of MC-simulated samples, in
which the pull distribution of the fitted yields is in good
agreement with the normal distribution. Projections of the
final fit to data are shown in Fig. 2. From the fit, we
obtain Nobs

nK0
Sπ

þ ¼ 83.2# 10.6, where the error is statistical
only.
The absolute branching fraction for Λþ

c → nK0
Sπ

þ is
determined by

BðΛþ
c →nK0

Sπ
þÞ¼

Nobs
nK0

Sπ
þ

Ntot
Λ̄−
c
×εnK0

Sπ
þ ×BðK0

S→πþπ−Þ
; ð1Þ

where εnK0
Sπ

þ is the detection efficiency for the Λþ
c →

nK0
Sπ

þ decay, which does not include the branching
fraction forK0

S → πþπ−. For each ST mode i, the efficiency
ϵinK0

Sπ
þ is obtained by dividing the DT efficiency ϵitag;nK0

Sπ
þ

by the ST efficiency ϵitag. Weighting ϵinK0
Sπ

þ by the ST yields

in data for each tag mode, we obtain εnK0
Sπ

þ ¼
ð45.9# 0.3Þ%. Inserting the values of Nobs

nK0
Sπ

þ , Ntot
Λ̄−
c
,

εnK0
Sπ

þ , and BðK0
S → πþπ−Þ [1] in Eq. (1), we obtain

BðΛþ
c → nK0

Sπ
þÞ ¼ ð1.82# 0.23Þ%, where the statistical

error, including those from Nobs
nK0

Sπ
þ and Ntot

Λ̄−
c
is presented.
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FIG. 2. Simultaneous fit toM2
miss andMπþπ− of events in (a),(b)

the Λ̄−
c signal region and (c),(d) sideband regions. Data are shown

as the dots with error bars. The long-dashed lines (blue) show the
Λþ
c backgrounds while the dot-dashed curves (pink) show the

non-Λþ
c backgrounds. The (red) solid curves show the total fit.

The (yellow) shaded area show the MC simulated backgrounds
from Λþ

c decay.
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M2
miss ≡ E2

miss=c
4 − j~pmissj2=c2;
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and ~pmiss are the missing energy and momentum carried by
the neutron, respectively, which are calculated by Emiss ≡
Ebeam − EK0

S
− Eπþ and ~pmiss ≡ ~pΛþ

c
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− ~pπþ , where
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is the momentum of the Λþ
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S
)

and Eπþ (~pπþ) are the energies (momenta) of the K0
S and

πþ, respectively. Here, the momentum ~pΛþ
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is given by
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¼ −p̂tag

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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beam=c
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c
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q
, where p̂tag is the direc-

tion of the momentum of the ST Λ̄−
c andmΛ̄−

c
is the nominal

Λ̄−
c mass [1]. If the K0

S and πþ from the decay Λþ
c →

nK0
Sπ

þ are correctly identified, the M2
miss is expected to

peak around the nominal neutron mass squared.
The scatter plot of Mπþπ− versus M2

miss for the Λþ
c →

nK0
Sπ

þ candidates in data is shown in Fig. 1, where a
cluster of events in the signal region is clearly visible.
According to MC simulations, the dominant backgrounds
are from the decays Λþ

c → Σ−πþπþ and Λþ
c → Σþπþπ−

with Σ# → nπ#, which have the same final state as signal.
These background events form a peaking background in
M2

miss, but are distributed flat in Mπþπ− . Backgrounds from
non-Λþ

c decays are estimated by examining the ST candi-
dates in the MBC sideband ð2.252; 2.272Þ GeV=c2 in data,
whose area is 1.6 times larger than the background area in
the signal region.
To obtain the yield of Λþ

c → nK0
Sπ

þ events, we perform
a two-dimensional unbinned maximum likelihood fit to the
M2

miss and Mπþπ− distributions in both MBC signal and
sideband regions simultaneously. As verified with MC
simulations, we model the Mπþπ− and M2

miss distributions
with a product of two one-dimensional probability density
functions, one for each dimension. The signal functions for
M2

miss and Mπþπ− are both described by double Gaussian
functions. The peaking background in the M2

miss distribu-
tion is described by a double Gaussian function with

parameters fixed according to MC simulations, and the
flat distribution in the Mπþπ− spectrum is described by a
constant function. The non-Λþ

c decay background is
modeled by a second-order polynomial function in the
M2

miss distribution and a Gaussian function plus a second-
order polynomial function in the Mπþπ− distribution, in
which the parameters and the normalized background
yields are constrained by the events in MBC sideband in
the simultaneous fit. The fit procedure is validated by
analyzing a large ensemble of MC-simulated samples, in
which the pull distribution of the fitted yields is in good
agreement with the normal distribution. Projections of the
final fit to data are shown in Fig. 2. From the fit, we
obtain Nobs

nK0
Sπ

þ ¼ 83.2# 10.6, where the error is statistical
only.
The absolute branching fraction for Λþ

c → nK0
Sπ

þ is
determined by
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where εnK0
Sπ

þ is the detection efficiency for the Λþ
c →

nK0
Sπ

þ decay, which does not include the branching
fraction forK0

S → πþπ−. For each ST mode i, the efficiency
ϵinK0

Sπ
þ is obtained by dividing the DT efficiency ϵitag;nK0

Sπ
þ

by the ST efficiency ϵitag. Weighting ϵinK0
Sπ

þ by the ST yields

in data for each tag mode, we obtain εnK0
Sπ

þ ¼
ð45.9# 0.3Þ%. Inserting the values of Nobs

nK0
Sπ

þ , Ntot
Λ̄−
c
,

εnK0
Sπ

þ , and BðK0
S → πþπ−Þ [1] in Eq. (1), we obtain
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Since the neutron is not detected, we use a kinematic
variable,
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miss ≡ E2

miss=c
4 − j~pmissj2=c2;

to obtain information on the missing neutron, where Emiss
and ~pmiss are the missing energy and momentum carried by
the neutron, respectively, which are calculated by Emiss ≡
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− Eπþ and ~pmiss ≡ ~pΛþ

c
− ~pK0

S
− ~pπþ , where

~pΛþ
c
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, where p̂tag is the direc-
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c mass [1]. If the K0

S and πþ from the decay Λþ
c →
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þ are correctly identified, the M2
miss is expected to

peak around the nominal neutron mass squared.
The scatter plot of Mπþπ− versus M2

miss for the Λþ
c →

nK0
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þ candidates in data is shown in Fig. 1, where a
cluster of events in the signal region is clearly visible.
According to MC simulations, the dominant backgrounds
are from the decays Λþ

c → Σ−πþπþ and Λþ
c → Σþπþπ−

with Σ# → nπ#, which have the same final state as signal.
These background events form a peaking background in
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miss, but are distributed flat in Mπþπ− . Backgrounds from
non-Λþ

c decays are estimated by examining the ST candi-
dates in the MBC sideband ð2.252; 2.272Þ GeV=c2 in data,
whose area is 1.6 times larger than the background area in
the signal region.
To obtain the yield of Λþ

c → nK0
Sπ

þ events, we perform
a two-dimensional unbinned maximum likelihood fit to the
M2

miss and Mπþπ− distributions in both MBC signal and
sideband regions simultaneously. As verified with MC
simulations, we model the Mπþπ− and M2

miss distributions
with a product of two one-dimensional probability density
functions, one for each dimension. The signal functions for
M2

miss and Mπþπ− are both described by double Gaussian
functions. The peaking background in the M2

miss distribu-
tion is described by a double Gaussian function with

parameters fixed according to MC simulations, and the
flat distribution in the Mπþπ− spectrum is described by a
constant function. The non-Λþ

c decay background is
modeled by a second-order polynomial function in the
M2

miss distribution and a Gaussian function plus a second-
order polynomial function in the Mπþπ− distribution, in
which the parameters and the normalized background
yields are constrained by the events in MBC sideband in
the simultaneous fit. The fit procedure is validated by
analyzing a large ensemble of MC-simulated samples, in
which the pull distribution of the fitted yields is in good
agreement with the normal distribution. Projections of the
final fit to data are shown in Fig. 2. From the fit, we
obtain Nobs

nK0
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þ ¼ 83.2# 10.6, where the error is statistical
only.
The absolute branching fraction for Λþ
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þ is
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FIG. 2. Simultaneous fit toM2
miss andMπþπ− of events in (a),(b)

the Λ̄−
c signal region and (c),(d) sideband regions. Data are shown

as the dots with error bars. The long-dashed lines (blue) show the
Λþ
c backgrounds while the dot-dashed curves (pink) show the

non-Λþ
c backgrounds. The (red) solid curves show the total fit.

The (yellow) shaded area show the MC simulated backgrounds
from Λþ

c decay.
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112001-5

Λc	➝	Σ±(➝nπ±)π+π∓

BF(Λc
+➝nKS0π+)	=	(1.82±0.23±0.11)%	

BF(Λc
+➝nK0π+)/BF(Λc

+➝pK-π+)=(0.62±0.09)%	(w/	BESIII’s	meas.)	
BF(Λc

+➝nK0π+)/BF(Λc
+➝pK0π0)=(0.97±0.16)%	(w/	BESIII’s	meas.)

Mmiss
2=Emiss

2	-	|p⃗miss|2

83±11	signal	events
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Λc
+	➝	p	π+π-	and	p	K+K-  
PRL	117,	232002	(2016)

Λþ
c candidates are reconstructed by considering all

combinations of charged tracks in the final states of interest
pK−πþ, pπþπ−, and pKþK−. Two variables, the energy
difference ΔE ¼ E − Ebeam and the beam-constrained
mass MBC ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam=c

4 − p2=c2
p

, are used to identify
the Λþ

c candidates. Here, Ebeam is the beam energy, and
EðpÞ is the reconstructed energy (momentum) of the Λþ

c
candidate in the eþe− c:m: system. A Λþ

c candidate is
accepted with MBC > 2.25 GeV=c2 and jΔEj < 20 MeV
(corresponding to 3 times the resolution). For a given signal
mode, we accept only one candidate per Λc charge per
event. If multiple candidates are found, the one with the
smallest jΔEj is selected. The ΔE sideband region,
40 < jΔEj < 60 MeV, is defined to investigate potential
backgrounds.
For the Λþ

c → pπþπ− decay, we reject K0
S and Λ

candidates by requiring jMπþπ− −MPDG
K0

S
j > 15 MeV=c2

and jMpπ− −MPDG
Λ j> 6MeV=c2, corresponding to 3 times

the resolution, where MPDG
K0

S
(MPDG

Λ ) is the K0
S (Λ) mass

quoted from the PDG [16] and Mπþπ− (Mpπ−) is the πþπ−

(pπ−) invariant mass. These requirements suppress the
peaking backgrounds of the CF decays Λþ

c → Λπþ and
Λþ
c → pK0

S, which have the same final state as the signal.
With the above selection criteria, the MBC distributions

are depicted in Fig. 1 for the decays Λþ
c → pK−πþ and

Λþ
c → pπþπ− and in Fig. 2(a) for the decayΛþ

c → pKþK−.
Prominent Λþ

c signals are observed. The inclusive MC
samples are used to study potential backgrounds. For
the decays Λþ

c → pK−πþ and Λþ
c → pKþK−, no peaking

background is evidenced in the MBC distributions, while
for the decay Λþ

c → pπþπ−, the peaking backgrounds of

28.2% 1.6 events from the decays Λþ
c → Λπþ and Λþ

c →
pK0

S are expected, where the uncertainty comes from the
measured BFs in Ref. [15]. The cross feed between the
decay modes is negligible by the MC studies.
To obtain the signal yields of the decays Λþ

c → pK−πþ

and Λþ
c → pπþπ−, a maximum likelihood fit is performed

to the correspondingMBC distributions. The signal shape is
modeled with the MC simulated shape convoluted with a
Gaussian function representing the resolution difference
and potential mass shift between the data and MC simu-
lation. The combinatorial background is modeled by an
ARGUS function [23]. In the decay Λþ

c → pπþπ−, the
peaking background is included in the fit and is modeled
with the MC simulated shape convoluted with the same
Gaussian function for the signal, while the magnitude is
fixed to the MC prediction. The fit curves are shown in
Fig. 1. The MBC distribution for events in the ΔE sideband
region is also shown in Fig. 1(b), and a good agreement
with the fitted background shape is indicated. The signal
yields are summarized in Table I.
For the decay Λþ

c → pKþK−, a prominent ϕ signal is
observed in the MKþK− distribution, as shown in Fig. 2(b).
To determine the signal yields via ϕ (Nϕ

sig) and non-ϕ

(Nnon-ϕ
sig ) processes and to better model the background, we

perform a two-dimensional unbinned extended maximum
likelihood fit to the MBC versus MKþK− distributions
for events in the ΔE signal region and sideband region
simultaneously. In the MBC distribution, the shapes of Λc
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FIG. 1. Distributions of MBC for the decays (a) Λþ
c → pK−πþ

and (b) Λþ
c → pπþπ−. Points with an error bar are data, the blue

solid lines show the total fits, the blue long dashed lines are
the combinatorial background shapes, and the red long dashed
histograms are data from the ΔE sideband region for comparison.
In (b), the green shaded histogram is the peaking background
from the CF decays Λþ

c → pK0
S and Λ

þ
c → Λπþ. The inset plot in

(b) shows the πþπ− invariant mass distribution with the additional
requirement jΔEj<8MeV and 2.2836<MBC<2.2894GeV=c2,
where the dots with an error bar are for the data, the blue solid
histogram shows the fit curve from PWA, and the green shaded
histogram shows background estimated from the MBC sideband
region.
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FIG. 2. Distributions of MBC (left) and MKþK− (right) for data
in the ΔE signal region (upper) and sideband region (bottom) for
the decay Λþ

c → pKþK−. The blue solid curves are for the total
fit results, the red dash-dotted curves show the Λþ

c → pϕ →
pKþK− signal, the green dotted curves show the Λþ

c →
pKþK−

non-ϕ signal, the blue long-dashed curves are the back-
ground with ϕ production, and the magenta dashed curves are the
non-ϕ background.
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Λþ
c candidates are reconstructed by considering all

combinations of charged tracks in the final states of interest
pK−πþ, pπþπ−, and pKþK−. Two variables, the energy
difference ΔE ¼ E − Ebeam and the beam-constrained
mass MBC ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam=c

4 − p2=c2
p

, are used to identify
the Λþ

c candidates. Here, Ebeam is the beam energy, and
EðpÞ is the reconstructed energy (momentum) of the Λþ

c
candidate in the eþe− c:m: system. A Λþ

c candidate is
accepted with MBC > 2.25 GeV=c2 and jΔEj < 20 MeV
(corresponding to 3 times the resolution). For a given signal
mode, we accept only one candidate per Λc charge per
event. If multiple candidates are found, the one with the
smallest jΔEj is selected. The ΔE sideband region,
40 < jΔEj < 60 MeV, is defined to investigate potential
backgrounds.
For the Λþ

c → pπþπ− decay, we reject K0
S and Λ

candidates by requiring jMπþπ− −MPDG
K0

S
j > 15 MeV=c2

and jMpπ− −MPDG
Λ j> 6MeV=c2, corresponding to 3 times

the resolution, where MPDG
K0

S
(MPDG

Λ ) is the K0
S (Λ) mass

quoted from the PDG [16] and Mπþπ− (Mpπ−) is the πþπ−

(pπ−) invariant mass. These requirements suppress the
peaking backgrounds of the CF decays Λþ

c → Λπþ and
Λþ
c → pK0

S, which have the same final state as the signal.
With the above selection criteria, the MBC distributions

are depicted in Fig. 1 for the decays Λþ
c → pK−πþ and

Λþ
c → pπþπ− and in Fig. 2(a) for the decayΛþ

c → pKþK−.
Prominent Λþ

c signals are observed. The inclusive MC
samples are used to study potential backgrounds. For
the decays Λþ

c → pK−πþ and Λþ
c → pKþK−, no peaking

background is evidenced in the MBC distributions, while
for the decay Λþ

c → pπþπ−, the peaking backgrounds of

28.2% 1.6 events from the decays Λþ
c → Λπþ and Λþ

c →
pK0

S are expected, where the uncertainty comes from the
measured BFs in Ref. [15]. The cross feed between the
decay modes is negligible by the MC studies.
To obtain the signal yields of the decays Λþ

c → pK−πþ

and Λþ
c → pπþπ−, a maximum likelihood fit is performed

to the correspondingMBC distributions. The signal shape is
modeled with the MC simulated shape convoluted with a
Gaussian function representing the resolution difference
and potential mass shift between the data and MC simu-
lation. The combinatorial background is modeled by an
ARGUS function [23]. In the decay Λþ

c → pπþπ−, the
peaking background is included in the fit and is modeled
with the MC simulated shape convoluted with the same
Gaussian function for the signal, while the magnitude is
fixed to the MC prediction. The fit curves are shown in
Fig. 1. The MBC distribution for events in the ΔE sideband
region is also shown in Fig. 1(b), and a good agreement
with the fitted background shape is indicated. The signal
yields are summarized in Table I.
For the decay Λþ

c → pKþK−, a prominent ϕ signal is
observed in the MKþK− distribution, as shown in Fig. 2(b).
To determine the signal yields via ϕ (Nϕ

sig) and non-ϕ

(Nnon-ϕ
sig ) processes and to better model the background, we

perform a two-dimensional unbinned extended maximum
likelihood fit to the MBC versus MKþK− distributions
for events in the ΔE signal region and sideband region
simultaneously. In the MBC distribution, the shapes of Λc
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FIG. 1. Distributions of MBC for the decays (a) Λþ
c → pK−πþ

and (b) Λþ
c → pπþπ−. Points with an error bar are data, the blue

solid lines show the total fits, the blue long dashed lines are
the combinatorial background shapes, and the red long dashed
histograms are data from the ΔE sideband region for comparison.
In (b), the green shaded histogram is the peaking background
from the CF decays Λþ

c → pK0
S and Λ

þ
c → Λπþ. The inset plot in

(b) shows the πþπ− invariant mass distribution with the additional
requirement jΔEj<8MeV and 2.2836<MBC<2.2894GeV=c2,
where the dots with an error bar are for the data, the blue solid
histogram shows the fit curve from PWA, and the green shaded
histogram shows background estimated from the MBC sideband
region.
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FIG. 2. Distributions of MBC (left) and MKþK− (right) for data
in the ΔE signal region (upper) and sideband region (bottom) for
the decay Λþ

c → pKþK−. The blue solid curves are for the total
fit results, the red dash-dotted curves show the Λþ

c → pϕ →
pKþK− signal, the green dotted curves show the Λþ

c →
pKþK−

non-ϕ signal, the blue long-dashed curves are the back-
ground with ϕ production, and the magenta dashed curves are the
non-ϕ background.
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The uncertainties due to the Vr requirements and K0
S=Λ

vetoes (in Λþ
c → pπþπ− only) are investigated by repeating

the analysis with alternative requirements (Vr < 0.25 cm,
jMπþπ− −MPDG

K0
S
j > 20 MeV=c2, and jMpπ− −MPDG

Λ j >
8 MeV=c2, respectively). The resulting differences in the
BFs are taken as the uncertainties. Uncertainties related to
the ΔE resolution are estimated by widening the ΔE
windows from 3σ to 4σ of the resolution.
For the decays Λþ

c → pK−πþ and Λþ
c → pπþπ−, the

signal yields are determined from fits to the MBC distri-
butions. Alternative fits are carried out by varying the fit
range, signal shape, background shape, and the expected
number of peaking backgrounds. The resultant changes
in the BFs are taken as uncertainties. In the decay
Λþ
c → pKþK−, the uncertainties associated with the fit

are studied by varying the fit ranges, signal and background
shapes for both the MBC and MKþK− distributions, and the
ΔE sideband region.
The following four aspects are considered for the MC

simulation model uncertainty. (a) The uncertainties related
to the beam energy spread are investigated by changing its
value in the simulation by "0.4 MeV, where the nominal
values is 1.5 MeV determined by the data. The larger
change in the measurement is taken as a systematic
uncertainty. (b) The uncertainties associated with the input

line shape of the eþe− → Λþ
c Λ̄−

c cross section is estimated
by replacing the line shape directly from BESIII data with
that from Ref. [26]. (c) The Λþ

c polar angle distribution in
the eþe− rest frame is parameterized with 1þ α cos2 θ,
where the α value is extracted from the data. The uncer-
tainties due to the Λþ

c polar angle distribution are estimated
by changing the α value by one standard deviation. (d) The
decays Λþ

c → pK−πþ and Λþ
c → pπþπ− are modeled by a

data-driven method according to PWA results. The corre-
sponding uncertainties are estimated by changing the
intermediate states included, changing the parameters of
the intermediate states by one standard deviation quoted in
the PDG [16], and varying the background treatment in the
PWA and the output parameters for the coupling. Assuming
all of the above PWA uncertainties are independent, the
uncertainty related to MC modeling is the quadratic sum of
all individual values. For the non-ϕ decay Λþ

c → pKþK−,
phase space MC samples with an Swave for the KþK− pair
are used to estimate the detection efficiency. An alternative
MC sample with a P wave between the KþK− pair is also
used, and the resultant difference in efficiency is taken as
the uncertainty. The uncertainties due to limited MC
statistics in both the measured and reference modes are
taken into account.
Assuming all uncertainties, summarized in Table II, are

independent, the total uncertainties in the relative BF
measurements are obtained by adding the individual
uncertainties in quadrature. For the absolute BF measure-
ments, the uncertainty due to the reference BF
BrefðΛþ

c → pK−πþÞ, listed in Table II, too, is included.
In summary, based on 567 pb−1 of eþe− annihilation

data collected at
ffiffiffi
s

p
¼ 4.599 GeV with the BESIII detec-

tor, we present the first observation of the SCS decays
Λþ
c → pπþπ− and improved (or comparable) measure-

ments of the Λþ
c → pϕ and Λþ

c → pKþK−
non-ϕ BFs com-

paring to PDG values [16]. The relative BFs with respect
to the CF decay Λþ

c → pK−πþ are measured. Taking
BðΛþ

c →pK−πþÞ¼ð5.84"0.27"0.23Þ% from Ref. [15],
we also obtain absolute BFs for the SCS decays. All the
results are summarized in Table III. The results provide
important data to understand the dynamics of Λþ

c decays.
They especially help to distinguish predictions from

TABLE II. The systematic uncertainties (in percent) in the
relative BF measurements. The uncertainty of the reference BF
Bref applies only to the absolute BF measurements.

Sources Λþ
c →pπþπ− Λþ

c →pϕ Λþ
c →pKþK−

non-ϕ

Tracking 1.1 2.6 1.6
PID 1.3 1.5 1.9
Vr requirement 0.6 2.5 2.5
K0

S=Λ vetoes 0.7 & & & & & &
ΔE requirement 0.5 0.7 0.9
Fit 2.7 5.8 6.6
Cited branching ratio & & & 1.0 & & &
MC model 1.4 1.0 1.1
MC statistics 0.3 0.4 0.4
Total 3.7 7.2 7.6
Bref 6.1 6.1 6.1

TABLE III. Summary of relative and absolute BFs and comparing with the results from PDG [16]. Uncertainties are statistical,
experimental systematic, and the reference mode uncertainty, respectively.

Decay modes Bmode=Bref (This work) Bmode=Bref (PDG average)

Λþ
c → pπþπ− ð6.70" 0.48" 0.25Þ × 10−2 ð6.9" 3.6Þ × 10−2

Λþ
c → pϕ ð1.81" 0.33" 0.13Þ × 10−2 ð1.64" 0.32Þ × 10−2

Λþ
c → pKþK− (non-ϕ) ð9.36" 2.22" 0.71Þ × 10−3 ð7" 2" 2Þ × 10−3

− Bmode (This work) Bmode (PDG average)
Λþ
c → pπþπ− ð3.91" 0.28" 0.15" 0.24Þ × 10−3 ð3.5" 2.0Þ × 10−3

Λþ
c → pϕ ð1.06" 0.19" 0.08" 0.06Þ × 10−3 ð8.2" 2.7Þ × 10−4

Λþ
c → pKþK− (non-ϕ) ð5.47" 1.30" 0.41" 0.33Þ × 10−4 ð3.5" 1.7Þ × 10−4
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- Single	Tag	method	⇒	rela`ve	BF	w.r.t.	the	pK-π+	mode.	

- First	observa`on	of	single	Cabibbo-suppressed	(SCS)	decay	of	Λc
+	➝	p	π+π-.	

- Improved	measurements	on	the	SCS	decays,	Λc
+	➝	pφ	and	➝	pK+K-non-φ.

Λc	➝	pK+K- Λc	➝	pK+K- Λc	➝	π+π-
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Λc
+	➝	p	η	and	p	π0	

PRD	95,	111102(R)	(2017)

The resultantMBC distributions for the decays Λþ
c → pη

and Λþ
c → pπ0 are depicted in Figs. 1 and 2, respectively.

The Λþ
c → pη signals are seen in both η decay modes, but

no obvious Λþ
c → pπ0 signal is observed. The data in the

ΔE sideband region, defined as 3.5σΔE < jΔEj < 6σΔE,
are used to study the backgrounds. The correspondingMBC
distributions, illustrated by the long-dashed histograms in
Figs. 1 and 2, show no Λþ

c signal and that the combinatorial
backgrounds are well described by the data in the ΔE
sideband region. For the decay mode Λþ

c → pηπþπ−π0 , data
in the η sideband region (0.016 < jMπþπ−π0 −Mηj <
0.032 GeV=c2), illustrated by the (pink) dashed histogram
in Fig. 1(b), also show no evidence for peaking back-
ground. This is further validated by an analysis of the
inclusive MC samples, where it is found that the combi-
natorial backgrounds are dominated by the processes
eþe− → qq̄.
To extract the signal yield for the decay Λþ

c → pη, we
perform unbinned maximum likelihood fits to the MBC
distributions. The signal probability density function (PDF)
is constructed by the signal MC simulated shape convo-
luted with a Gaussian function. Since MC simulation may
be imperfect for modeling of the detector resolution and
beam-energy spread of data, the mean and width of the
Gaussian function are free parameters to account for the
potential mass shift and resolution difference between data
and MC simulation. The mean ðμÞ and width ðσÞ values of
the Gaussian function are μ ¼ ð0.74% 0.56Þ MeV=c2 and
σ ¼ ð0.32% 2.28Þ MeV=c2 for Λþ

c → pηγγ, while μ ¼
ð−1.22% 0.80Þ MeV=c2 and σ ¼ ð0.02% 1.44Þ MeV=c2

for Λþ
c → pηπþπ−π0, respectively. The background shape is

modeled by an ARGUS function [26] with the fixed high-
end cutoff Ebeam. The reliability of the ARGUS function is
validated with the data in the ΔE sideband region as well as
the inclusive MC samples in the signal region. In the decay
Λþ
c → pηπþπ−π0 , the peaking backgrounds from the CF

decays have been found to be negligible by MC studies,
and are not considered in the fit. The fits are performed for
the two η decay modes separately. The corresponding BFs
are calculated using

BðΛþ
c → pηÞ ¼

Nsig

2 · NΛþ
c Λ̄−

c
· ε · Binter

; ð1Þ

where Nsig is the signal yield determined from the MBC fit,
NΛþ

c Λ̄−
c
¼ ð105.9% 4.8ðstatÞ % 0.5ðsystÞÞ × 103 is the total

number of Λþ
c Λ̄−

c pairs in the data [11], ε is the detection
efficiency estimated by the MC simulation, and Binter is the
η or π0 decay BF taken from the PDG [10]. The factor of 2
in the denominator accounts for the charge conjugation of
the Λþ

c . Table I summarizes the signal yields, the statistical
significances, estimated by the changes in the likelihood
values obtained with and without the Λþ

c signal included,
the detection efficiencies, and the resulting BFs. The two
BFs for Λþ

c → pη, corresponding to the two η decay
modes, are consistent within statistical uncertainties.
We also perform a simultaneous fit to the MBC distri-

butions for the two η decay modes, constrained to the same
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FIG. 1. Simultaneous fit to the MBC distributions of Λþ
c → pη

reconstructed with the decay modes (a) η → γγ and (b) η →
πþπ−π0. The dots with error bars are data, the (black) solid curves
are for the best fits, the (blue) dashed-dotted curves are for the
backgrounds, and the (red) dashed curves are for the signals. The
(green) long-dashed histograms and (pink) dashed histogram [in
(b) only] are the data in the ΔE and Mπþπ−π0 sideband region.
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FIG. 2. Fit to the MBC distribution for the decay Λþ
c → pπ0.

The dots with error bars are data, the (black) solid curve is for the
best fit, and the (blue) dashed curve is for the background. The
(green) long-dashed histogram is the data in the ΔE sideband
region. The insert shows the normalized likelihood distribution,
which includes the systematic uncertainty, as a function of the
expected signal yield. The (blue) dashed arrow indicates the
upper limit on the signal yield at 90% C.L.
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The resultantMBC distributions for the decays Λþ
c → pη

and Λþ
c → pπ0 are depicted in Figs. 1 and 2, respectively.

The Λþ
c → pη signals are seen in both η decay modes, but

no obvious Λþ
c → pπ0 signal is observed. The data in the

ΔE sideband region, defined as 3.5σΔE < jΔEj < 6σΔE,
are used to study the backgrounds. The correspondingMBC
distributions, illustrated by the long-dashed histograms in
Figs. 1 and 2, show no Λþ

c signal and that the combinatorial
backgrounds are well described by the data in the ΔE
sideband region. For the decay mode Λþ

c → pηπþπ−π0 , data
in the η sideband region (0.016 < jMπþπ−π0 −Mηj <
0.032 GeV=c2), illustrated by the (pink) dashed histogram
in Fig. 1(b), also show no evidence for peaking back-
ground. This is further validated by an analysis of the
inclusive MC samples, where it is found that the combi-
natorial backgrounds are dominated by the processes
eþe− → qq̄.
To extract the signal yield for the decay Λþ

c → pη, we
perform unbinned maximum likelihood fits to the MBC
distributions. The signal probability density function (PDF)
is constructed by the signal MC simulated shape convo-
luted with a Gaussian function. Since MC simulation may
be imperfect for modeling of the detector resolution and
beam-energy spread of data, the mean and width of the
Gaussian function are free parameters to account for the
potential mass shift and resolution difference between data
and MC simulation. The mean ðμÞ and width ðσÞ values of
the Gaussian function are μ ¼ ð0.74% 0.56Þ MeV=c2 and
σ ¼ ð0.32% 2.28Þ MeV=c2 for Λþ

c → pηγγ, while μ ¼
ð−1.22% 0.80Þ MeV=c2 and σ ¼ ð0.02% 1.44Þ MeV=c2

for Λþ
c → pηπþπ−π0, respectively. The background shape is

modeled by an ARGUS function [26] with the fixed high-
end cutoff Ebeam. The reliability of the ARGUS function is
validated with the data in the ΔE sideband region as well as
the inclusive MC samples in the signal region. In the decay
Λþ
c → pηπþπ−π0 , the peaking backgrounds from the CF

decays have been found to be negligible by MC studies,
and are not considered in the fit. The fits are performed for
the two η decay modes separately. The corresponding BFs
are calculated using

BðΛþ
c → pηÞ ¼

Nsig

2 · NΛþ
c Λ̄−

c
· ε · Binter

; ð1Þ

where Nsig is the signal yield determined from the MBC fit,
NΛþ

c Λ̄−
c
¼ ð105.9% 4.8ðstatÞ % 0.5ðsystÞÞ × 103 is the total

number of Λþ
c Λ̄−

c pairs in the data [11], ε is the detection
efficiency estimated by the MC simulation, and Binter is the
η or π0 decay BF taken from the PDG [10]. The factor of 2
in the denominator accounts for the charge conjugation of
the Λþ

c . Table I summarizes the signal yields, the statistical
significances, estimated by the changes in the likelihood
values obtained with and without the Λþ

c signal included,
the detection efficiencies, and the resulting BFs. The two
BFs for Λþ

c → pη, corresponding to the two η decay
modes, are consistent within statistical uncertainties.
We also perform a simultaneous fit to the MBC distri-

butions for the two η decay modes, constrained to the same
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FIG. 1. Simultaneous fit to the MBC distributions of Λþ
c → pη

reconstructed with the decay modes (a) η → γγ and (b) η →
πþπ−π0. The dots with error bars are data, the (black) solid curves
are for the best fits, the (blue) dashed-dotted curves are for the
backgrounds, and the (red) dashed curves are for the signals. The
(green) long-dashed histograms and (pink) dashed histogram [in
(b) only] are the data in the ΔE and Mπþπ−π0 sideband region.
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FIG. 2. Fit to the MBC distribution for the decay Λþ
c → pπ0.

The dots with error bars are data, the (black) solid curve is for the
best fit, and the (blue) dashed curve is for the background. The
(green) long-dashed histogram is the data in the ΔE sideband
region. The insert shows the normalized likelihood distribution,
which includes the systematic uncertainty, as a function of the
expected signal yield. The (blue) dashed arrow indicates the
upper limit on the signal yield at 90% C.L.
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and measure its absolute BF to be BðΛþ
c → pηÞ ¼

ð1.24% 0.28ðstatÞ % 0.10ðsystÞÞ × 10−3. In a search for
the SCS decay Λþ

c → pπ0, no obvious signal is observed
and an upper limit at the 90% C.L. on its BF is determined
to be BðΛþ

c → pπ0Þ < 2.7 × 10−4. The corresponding ratio
of BFs between the two decays is also calculated to be
BðΛþ

c → pπ0Þ=BðΛþ
c → pηÞ < 0.24, where the common

uncertainties are canceled. The measured BFs and their
ratio are compared to the theoretical predictions from
different models, as shown in Table III. Our measured
BF of Λþ

c → pη is consistent, within two standard devia-
tions, with one of predictions in Ref. [3], the one that
assumes flavor SU(3) symmetry and negative sign for the
p-wave amplitude of Λþ

c → Ξ0Kþ. It is worth noting that
our measurement is significantly higher than others’
theoretical predictions. The measured upper limit of
BðΛþ

c → pπ0Þ is compatible with the predicted values of
most of the theoretical models, but is smaller by a factor of
2 than that in Ref. [13]. Overall, the obtained relatively
large value of BðΛþ

c → pηÞ and the trend toward a small
value of the ratio BðΛþ

c → pπ0Þ=BðΛþ
c → pηÞ will have a

significant impact on theoretical calculation and will be
helpful to understand the underlying dynamics of charmed
baryon decays and to test SU(3) flavor symmetry.
Additional experimental data will improve the sensitivity

of the measurements and allow a better discrimination
between the different models.
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TABLE III. Comparison of measured BFs (in 10−3) of Λþ
c →

pη and pπ0 and their ratio to theoretical predictions.

Λþ
c → pη Λþ

c → pπ0
BΛþc →pπ0

BΛþc →pη

BESIII 1.24% 0.29 <0.27 <0.24
Sharma et al. [3] 0.2a(1.7b) 0.2 1.0a(0.1b)
Uppal et al. [4] 0.3 0.1–0.2 0.3–0.7
S. L. Chen et al. [12] ... 0.11–0.36c ...
Cai-Dian Lü et al. [13] ... 0.45 ...

aAssumed to have a positive sign for the p-wave amplitude
of Λþ

c → Ξ0Kþ.
bAssumed to have a negative sign for the p-wave amplitude

of Λþ
c → Ξ0Kþ.

cCalculated relying on different values of parameters
b and α.
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BF(Λc
+	➝	p	η)	=	(1.24±0.28±0.10)×10-3	

BF(Λc
+	➝	p	π0)	<	2.7×10-4	@	90%	C.L.

- First	evidence	of	the	SCS	decay,	Λc
+	➝	p	η	(4.2σ	stat.	significance).	

- No	signals	seen	in	Λc
+	➝	p	π0.	

- Predicted	BFs	vary	under	different	theore`cal	models	(SU(3)	symmetry	and	FSI).

Λc	➝	pη(➝γγ)

Λc	➝	pη(➝πππ0)

Λc	➝	pπ0
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Fig. 1. Scatter plots of Mn versus Mnπ− for candidates in data for (a) "+
c →

#−π+π+ and (b) "+
c → #−π+π+π0. Also shown are fits to the distributions of 

Mnπ− − Mn for (c) "+
c → #−π+π+ and (d) "+

c → #−π+π+π0 in data. Solid lines 
are the results of a complete fit while dashed lines reflect the background compo-
nents.

non-parametric functions extracted from the signal MC convoluted 
with a Gaussian function accounting for the resolution difference 
between data and MC, while the background shapes are described 
with a second-order polynomial function. The width of the Gaus-
sian is left free in the fit, while its mean is fixed to zero. From 
the fits, we find the DT signal yields Nobs

#−π+π+ = 161 ± 15 and 
Nobs

#−π+π+π0 = 88 ± 14, where the uncertainties are statistical only. 
Backgrounds from non-"+

c decays are estimated by examining the 
ST candidates in the MBC sideband (2.252, 2.272) GeV/c2 in data. 
The backgrounds from non-"+

c decays are found to be negligible.
The absolute BFs for "+

c → #−π+π+ and "+
c → #−π+π+π0

are determined by

B("+
c → #−π+π+(π0))

=
Nobs

#−π+π+(π0)

Ntot
"̄−

c
· ε#−π+π+(π0) · B(#− → nπ−)

, (1)

where ε#−π+π+(π0) is the detection efficiency for the "+
c →

#−π+π+(π0) decay with #− → nπ− . The intermediate decay 
branching fraction of #− → nπ− is included in the denomina-
tor of Eq. (1). For each ST mode i, the efficiency εi

#−π+π+(π0)

is obtained by dividing the DT efficiency εi
tag,#−π+π+(π0)

by the 
ST efficiency εi

tag. After weighting εi
#−π+π+(π0)

by the mode-by-
mode ST yields in data, we find the overall average efficiencies 
ε#−π+π+ = (61.8 ± 0.4)% and ε#−π+π+π0 = (29.0 ± 0.2)%, where 
the branching fraction for π0 → γ γ is included. Substituting the 
values of Nobs

#−π+π+(π0)
, Ntot

"̄−
c

, ε#−π+π+(π0) and B(#− → nπ−) in 
Eq. (1), we obtain B("+

c → #−π+π+) = (1.81 ±0.17 ±0.09)% and 
B("+

c → #−π+π+π0) = (2.11 ± 0.33 ± 0.14)%, where the first 
uncertainties are statistical, and the second are systematic, as de-
scribed below.

With the DT technique, the BF measurement is insensitive 
to uncertainty in the ST efficiencies. The systematic uncertain-
ties in measuring B("+

c → #−π+π+) and B("+
c → #−π+π+π0)

mainly arise from the efficiencies of π detection and identifica-
tion, fits to the Mnπ− − Mn distributions and the signal mod-
elling in the MC simulation. The systematic uncertainties in the 
π± tracking and identification are both determined to be 1.0% 
by studying a set of samples of e+e− → π+π−π+π− , e+e− →
K +K −π+π− and e+e− → pp̄π+π− obtained from data with c.m. 
energy above 4.0 GeV. The π0 reconstruction efficiency is val-
idated by analyzing DT events with D̄0 → K +π− or K +π−π0

Table 2
Summary of the relative systematic uncertainties &syst

#−π+π+ and &syst
#−π+π+π0 in 

B("+
c → #−π+π+) and B("+

c → #−π+π+π0), respectively.

Source &
syst
#−π+π+ [%] &

syst
#−π+π+π0 [%]

π± tracking 3.0 3.0
π± identification 3.0 3.0
π0 reconstruction · · · 2.0
Fit to Mn − Mnπ− 2.0 3.6
Signal modelling 2.0 2.0
MC statistics 0.6 0.7
Ntot

"̄−
c

1.0 1.0

Total 5.2 6.4

versus D0 → K −π+π0 [14]. The difference of the π0 reconstruc-
tion efficiencies between data and MC simulations is estimated to 
be 2.0%. The uncertainty from the fit to the Mnπ− − Mn distribu-
tion is evaluated by checking the relative changes of Nobs

#−π+π+(π0)

with different choices for signal shapes (double Gaussian func-
tion), background shapes (first-order polynomial function, third-
order polynomial function and a MC-derived background shape) 
and fit ranges ((0.19, 0.34) GeV/c2). The uncertainty in modelling 
the signal process is obtained by varying the reweighting fac-
tors of the observed kinematic variables within their statistical 
uncertainties and extracting the difference of the resultant effi-
ciencies. The difference is estimated to be 2.0% for the studied 
channels and is taken as the systematic uncertainty due to the 
signal modelling. In addition, there are systematic uncertainties 
in obtaining Ntot

"̄−
c

evaluated by using alternative signal shapes in 
the fits to the MBC spectra [13], resulting in an uncertainty of 
1.0%, and in the statistical limitation of the MC samples, which 
is estimated to be 0.6 (0.7)% for "+

c → #−π+π+(π0). The uncer-
tainties from the BFs of #− → nπ− and π0 → γ γ are negligible. 
All of the above systematic uncertainties are summarized in Ta-
ble 2, and the total uncertainties are evaluated to be 5.2% and 6.4% 
for B("+

c → #−π+π+) and B("+
c → #−π+π+π0), respectively, 

by combining all items in quadrature.

4. Summary

Based on an e+e− collision data sample with an integrated 
luminosity of 567 pb−1 taken at 

√
s = 4.6 GeV with the BE-

SIII detector, we report the first observation of the decay "+
c →

#−π+π+π0 and the first absolute BF measurement for "+
c →

#−π+π+ . The results are B("+
c → #−π+π+) = (1.81 ± 0.17 ±

0.09)% and B("+
c → #−π+π+π0) = (2.11 ± 0.33 ± 0.14)%, where 

the first uncertainties are statistical and the second are systematic.
Our result for B("+

c → #−π+π+) is consistent with and more 
precise than the previous result [3]. BESIII measured the BF of 
the isospin symmetric channel B("+

c → #+π+π−) = (4.25 ±
0.24 ± 0.20)% [15]. This allows us to determine the ratio B("+

c →
#−π+π+)/B("+

c → #+π+π−) = 0.42 ± 0.05 ± 0.02, where the 
first uncertainty is statistical and the second systematic. The sta-
tistical uncertainty of the ratio dominates, as many common sys-
tematic uncertainties cancel. This is consistent with and more pre-
cise than the value previously measured by the E687 Collaboration 
(0.53 ± 0.15 ± 0.07) [16].
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BF(Λc
+	➝	Σ-π+π+π0)	=	(2.11±0.33±0.14)%	

BF(Λc
+	➝	Σ-π+π+)	=	(1.81±0.17±0.09)%

- First	observa`on	of	CF	decay,	Λc
+	➝	Σ-π+π+π0.	

- and	improved	BF	on	Λc
+	➝	Σ-π+π+.	

- Σ-➝nπ-	is	reconstructed		.

- Fit	to	Mnπ-	-	Mn	to	extract	the	signal	yields.
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ing the DT signals in the ST sample. Hence, this method provides a 
clean and straightforward BF measurement that is independent of 
the number of !+

c !̄−
c events produced.

2. BESIII detector and Monte Carlo simulation

BESIII [5] is a cylindrical detector with a coverage of 93% of the 
full 4π solid angle. It consists of a Helium-gas based main drift 
chamber (MDC), a plastic scintillator time-of-flight (TOF) system, 
a CsI (Tl) electromagnetic calorimeter (EMC), a superconducting 
solenoid providing a 1.0 T magnetic field, and a muon detection 
system in the iron flux return of the magnet. The charged par-
ticle momentum resolution is 0.5% at a transverse momentum of 
1 GeV/c. The photon energy resolution at 1 GeV is 2.5% in the cen-
tral barrel region and 5.0% in the two end caps. More details about 
the design and performance of the detector are given in Ref. [5].

A GEANT4-based [7] Monte Carlo (MC) simulation package, 
which includes the geometric description of the detector and the 
detector response, is used to determine the detection efficiency 
and to estimate the potential backgrounds. MC samples of the sig-
nal mode !+

c → #−π+π+(π0), together with a !̄−
c decaying to 

specified ST modes, are generated with KKMC [8] and EVTGEN [9], 
taking into account initial-state radiation (ISR) [10] and final-state 
radiation [11] effects. The !+

c → #−π+π+(π0) decay is simulated 
by reweighting the phase-space-generated MC events to approxi-
mate observed kinematic distributions in data. To understand po-
tential background contributions, an inclusive MC sample is used. 
It includes generic !+

c !̄−
c events, D(∗)

(s) D̄(∗)
(s) + X production, ISR re-

turn to the charmonium states at lower masses and continuum 
qq̄ processes. Previously measured decay modes of the !c , ψ and 
D(s) are simulated with EVTGEN, using BFs from the Particle Data 
Group (PDG) [3]. The unknown decays of the ψ states are gener-
ated with LUNDCHARM [12].

3. Analysis

The ST and DT selection technique that is used in our anal-
ysis follows closely the one used and described in Ref. [13]. We 
reconstruct the !̄−

c baryons in the eleven hadronic decay modes 
listed in Table 1. Intermediate particles are reconstructed through 
their decays K 0

S → π+π− , !̄ → p̄π+ , #̄0 → γ !̄ with !̄ → p̄π+ , 
#̄− → p̄π0, and π0 → γ γ . The selection criteria for the proton, 
kaon, pion, π0, K 0

S and !̄ candidates used in the reconstruction of 
the ST signals are described in Ref. [13].

The ST !̄−
c signals are identified using the beam-energy-

constrained mass, MBC =
√

E2
beam − |p⃗!̄−

c
|2, where Ebeam is the 

beam energy and p⃗!̄−
c

is the momentum of the !̄−
c candidate 

in the rest frame of the initial e+e− system.12 To improve the 
signal purity, the energy difference &E = Ebeam − E!̄−

c
for each 

candidate is required to be within approximately ±3σ of the &E
signal peak position, where σ is the &E resolution and E!̄−

c
is 

the reconstructed !̄−
c energy. Table 1 shows the mode-dependent 

&E requirements and the ST yields in the MBC signal region 
(2.280, 2.296) GeV/c2, which are obtained by fits to the MBC dis-
tributions. See Ref. [13] for more details. The total ST yield is 
Ntot

!̄−
c

= 14415 ± 159, where the uncertainty is statistical only.

Candidates for the decay !+
c → #−π+π+(π0) with #− →

nπ− are reconstructed from the tracks not used in the ST !̄−
c re-

construction. It is required that there are only three charged tracks 

12 All kinematic quantities presented in this paper are evaluated in the rest frame 
of the initial e+e− system.

Table 1
Requirements on &E and ST yields N!̄−

c
for the eleven ST modes. The uncertainties 

are statistical only.

Mode &E (GeV) N!̄−
c

p̄K 0
S [−0.025,0.028] 1066 ± 33

p̄K +π− [−0.019,0.023] 5692 ± 88
p̄K 0

S π
0 [−0.035,0.049] 593 ± 41

p̄K +π−π0 [−0.044,0.052] 1547 ± 61
p̄K 0

S π
+π− [−0.029,0.032] 516 ± 34

!̄π− [−0.033,0.035] 593 ± 25
!̄π−π0 [−0.037,0.052] 1864 ± 56
!̄π−π+π− [−0.028,0.030] 674 ± 36
#̄0π− [−0.029,0.032] 532 ± 30
#̄−π0 [−0.038,0.062] 329 ± 28
#̄−π+π− [−0.049,0.054] 1009 ± 57

in the system recoiling against the !̄−
c satisfying | cos θ | < 0.93, 

where θ is the polar angle with respect to the beam direction. 
For the two π+ candidates from the !+

c , the distances of closest 
approach to the interaction point must be within ±10 cm along 
the beam direction and within 1 cm in the perpendicular plane, 
while the π− candidate from #− decay is not subjected to this 
requirement. Identification of charged tracks is performed by com-
bining the dE/dx information from the MDC and the time of flight 
measured in the TOF to obtain the probability Lh for each hadron 
type h. The three charged pions must satisfy Lπ > LK . Photon can-
didates are reconstructed from isolated clusters in the EMC in the 
regions | cos θ | ≤ 0.80 (barrel) and 0.86 ≤ | cos θ | ≤ 0.92 (end cap). 
The deposited energy of a neutral cluster is required to be larger 
than 25 (50) MeV in the barrel (end cap) region, and the angle be-
tween the photon candidate and the nearest charged track must be 
larger than 10◦ . To suppress electronic noise and energy deposits 
unrelated to the event, the difference between the EMC time and 
the event start time is required to be within (0, 700) ns. To recon-
struct π0 candidates, the invariant mass of photon pairs is required 
to be within (0.110, 0.155) GeV/c2 and, as a second step, a kine-
matic fit is implemented to constrain the γ γ invariant mass to the 
nominal π0 mass [3].

The kinematic variable

Mn =
√

(Ebeam − Eπ+π+π−(π0))
2 − |−→p!+

c
− −→pπ+π+π−(π0)|2

is computed to characterize the reconstructed mass of the
undetected neutron, where Eπ+π+π−(π0) is the energy of the 
π+π+π−(π0) combination and −→pπ+π+π−(π0) is the three-mo-
mentum of the π+π+π−(π0) combination. The expected momen-
tum p⃗!+

c
of the !+

c is calculated by p⃗!+
c

= −p̂tag

√
E2

beam − m2
!+

c
, 

where p̂tag is the direction of the momentum of the ST !̄−
c can-

didate and m!+
c

is the mass of the !+
c taken from the PDG [3]. 

Similarly, we can construct the variable

Mnπ− =
√

(Ebeam − Eπ+π+(π0))
2 − |−→p!+

c
− −→pπ+π+(π0)|2

to represent the reconstructed mass of the #− .
The distributions of Mn versus Mnπ− for the !+

c → #−π+π+

and !+
c → #−π+π+π0 candidates in data are shown in Figs. 1 (a) 

and (b), respectively, where clusters corresponding to signal decays 
are evident. To improve the resolution of the signal mass, as well 
as to better handle the backgrounds around the #− and neutron 
mass regions, we determine the signal yields from the distribution 
of the mass difference Mnπ− − Mn , since Mnπ− and Mn are highly 
correlated. Based on a study of the inclusive MC samples, no peak-
ing backgrounds are expected for these two channels. We perform 
an unbinned maximum likelihood fit to the Mnπ− − Mn spectra, as 
shown in Figs. 1 (c) and (d). In the fits, the signals are described by 
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ing the DT signals in the ST sample. Hence, this method provides a 
clean and straightforward BF measurement that is independent of 
the number of !+

c !̄−
c events produced.

2. BESIII detector and Monte Carlo simulation

BESIII [5] is a cylindrical detector with a coverage of 93% of the 
full 4π solid angle. It consists of a Helium-gas based main drift 
chamber (MDC), a plastic scintillator time-of-flight (TOF) system, 
a CsI (Tl) electromagnetic calorimeter (EMC), a superconducting 
solenoid providing a 1.0 T magnetic field, and a muon detection 
system in the iron flux return of the magnet. The charged par-
ticle momentum resolution is 0.5% at a transverse momentum of 
1 GeV/c. The photon energy resolution at 1 GeV is 2.5% in the cen-
tral barrel region and 5.0% in the two end caps. More details about 
the design and performance of the detector are given in Ref. [5].

A GEANT4-based [7] Monte Carlo (MC) simulation package, 
which includes the geometric description of the detector and the 
detector response, is used to determine the detection efficiency 
and to estimate the potential backgrounds. MC samples of the sig-
nal mode !+

c → #−π+π+(π0), together with a !̄−
c decaying to 

specified ST modes, are generated with KKMC [8] and EVTGEN [9], 
taking into account initial-state radiation (ISR) [10] and final-state 
radiation [11] effects. The !+

c → #−π+π+(π0) decay is simulated 
by reweighting the phase-space-generated MC events to approxi-
mate observed kinematic distributions in data. To understand po-
tential background contributions, an inclusive MC sample is used. 
It includes generic !+

c !̄−
c events, D(∗)

(s) D̄(∗)
(s) + X production, ISR re-

turn to the charmonium states at lower masses and continuum 
qq̄ processes. Previously measured decay modes of the !c , ψ and 
D(s) are simulated with EVTGEN, using BFs from the Particle Data 
Group (PDG) [3]. The unknown decays of the ψ states are gener-
ated with LUNDCHARM [12].

3. Analysis

The ST and DT selection technique that is used in our anal-
ysis follows closely the one used and described in Ref. [13]. We 
reconstruct the !̄−

c baryons in the eleven hadronic decay modes 
listed in Table 1. Intermediate particles are reconstructed through 
their decays K 0

S → π+π− , !̄ → p̄π+ , #̄0 → γ !̄ with !̄ → p̄π+ , 
#̄− → p̄π0, and π0 → γ γ . The selection criteria for the proton, 
kaon, pion, π0, K 0

S and !̄ candidates used in the reconstruction of 
the ST signals are described in Ref. [13].

The ST !̄−
c signals are identified using the beam-energy-

constrained mass, MBC =
√

E2
beam − |p⃗!̄−

c
|2, where Ebeam is the 

beam energy and p⃗!̄−
c

is the momentum of the !̄−
c candidate 

in the rest frame of the initial e+e− system.12 To improve the 
signal purity, the energy difference &E = Ebeam − E!̄−

c
for each 

candidate is required to be within approximately ±3σ of the &E
signal peak position, where σ is the &E resolution and E!̄−

c
is 

the reconstructed !̄−
c energy. Table 1 shows the mode-dependent 

&E requirements and the ST yields in the MBC signal region 
(2.280, 2.296) GeV/c2, which are obtained by fits to the MBC dis-
tributions. See Ref. [13] for more details. The total ST yield is 
Ntot

!̄−
c

= 14415 ± 159, where the uncertainty is statistical only.

Candidates for the decay !+
c → #−π+π+(π0) with #− →

nπ− are reconstructed from the tracks not used in the ST !̄−
c re-

construction. It is required that there are only three charged tracks 

12 All kinematic quantities presented in this paper are evaluated in the rest frame 
of the initial e+e− system.

Table 1
Requirements on &E and ST yields N!̄−

c
for the eleven ST modes. The uncertainties 

are statistical only.

Mode &E (GeV) N!̄−
c

p̄K 0
S [−0.025,0.028] 1066 ± 33

p̄K +π− [−0.019,0.023] 5692 ± 88
p̄K 0

S π
0 [−0.035,0.049] 593 ± 41

p̄K +π−π0 [−0.044,0.052] 1547 ± 61
p̄K 0

S π
+π− [−0.029,0.032] 516 ± 34

!̄π− [−0.033,0.035] 593 ± 25
!̄π−π0 [−0.037,0.052] 1864 ± 56
!̄π−π+π− [−0.028,0.030] 674 ± 36
#̄0π− [−0.029,0.032] 532 ± 30
#̄−π0 [−0.038,0.062] 329 ± 28
#̄−π+π− [−0.049,0.054] 1009 ± 57

in the system recoiling against the !̄−
c satisfying | cos θ | < 0.93, 

where θ is the polar angle with respect to the beam direction. 
For the two π+ candidates from the !+

c , the distances of closest 
approach to the interaction point must be within ±10 cm along 
the beam direction and within 1 cm in the perpendicular plane, 
while the π− candidate from #− decay is not subjected to this 
requirement. Identification of charged tracks is performed by com-
bining the dE/dx information from the MDC and the time of flight 
measured in the TOF to obtain the probability Lh for each hadron 
type h. The three charged pions must satisfy Lπ > LK . Photon can-
didates are reconstructed from isolated clusters in the EMC in the 
regions | cos θ | ≤ 0.80 (barrel) and 0.86 ≤ | cos θ | ≤ 0.92 (end cap). 
The deposited energy of a neutral cluster is required to be larger 
than 25 (50) MeV in the barrel (end cap) region, and the angle be-
tween the photon candidate and the nearest charged track must be 
larger than 10◦ . To suppress electronic noise and energy deposits 
unrelated to the event, the difference between the EMC time and 
the event start time is required to be within (0, 700) ns. To recon-
struct π0 candidates, the invariant mass of photon pairs is required 
to be within (0.110, 0.155) GeV/c2 and, as a second step, a kine-
matic fit is implemented to constrain the γ γ invariant mass to the 
nominal π0 mass [3].

The kinematic variable

Mn =
√

(Ebeam − Eπ+π+π−(π0))
2 − |−→p!+

c
− −→pπ+π+π−(π0)|2

is computed to characterize the reconstructed mass of the
undetected neutron, where Eπ+π+π−(π0) is the energy of the 
π+π+π−(π0) combination and −→pπ+π+π−(π0) is the three-mo-
mentum of the π+π+π−(π0) combination. The expected momen-
tum p⃗!+

c
of the !+

c is calculated by p⃗!+
c

= −p̂tag

√
E2

beam − m2
!+

c
, 

where p̂tag is the direction of the momentum of the ST !̄−
c can-

didate and m!+
c

is the mass of the !+
c taken from the PDG [3]. 

Similarly, we can construct the variable

Mnπ− =
√

(Ebeam − Eπ+π+(π0))
2 − |−→p!+

c
− −→pπ+π+(π0)|2

to represent the reconstructed mass of the #− .
The distributions of Mn versus Mnπ− for the !+

c → #−π+π+

and !+
c → #−π+π+π0 candidates in data are shown in Figs. 1 (a) 

and (b), respectively, where clusters corresponding to signal decays 
are evident. To improve the resolution of the signal mass, as well 
as to better handle the backgrounds around the #− and neutron 
mass regions, we determine the signal yields from the distribution 
of the mass difference Mnπ− − Mn , since Mnπ− and Mn are highly 
correlated. Based on a study of the inclusive MC samples, no peak-
ing backgrounds are expected for these two channels. We perform 
an unbinned maximum likelihood fit to the Mnπ− − Mn spectra, as 
shown in Figs. 1 (c) and (d). In the fits, the signals are described by 
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Λc
+	➝	Λ	+	X	

~preliminary	result~

We examine the scatter plot of ܯ௕௖ v.s. ܯஃ and calculate the number of signal in each ߠݏ݋ܿ|−݌| bin:
௦ܰ௜௚ ൌ ௌܰ െ ሺ ஺ܰ ൅ ஻ܰሻ/2 െ ݎ · ஽ܰ ൅ ݎ · ሺ ஼ܰ ൅ ாܰሻ/2

Absolute branching fraction

The number of observed Λ஼ା → Λ ൅ ܺ events is 706 േ 29, the weighted efficiency is 26.1 േ 0.9 %. The 
total tag yields is 7308 േ 93. Then we calculate the  branching fraction of Λ஼ା → Λ ൅ ܺ based on the 
number of signal and weighted efficiency:

ऌ ା࡯ࢫ → ઩ ൅ ࢄ ൌ ૜૟. ૢૡ േ ૛. ૚ૡ %
We have considered 5 parts of systematic uncertainties, and the major contribution 
comes from the bias of Λᇱݏ efficiency in different tag modes, which is 1.10%. 
However the error of branching fraction is dominated by statistic uncertainty. 

4

data

ऌ ା࡯ࢫ → ࢫ ൅ ࢄ
ൌ ૜૞ േ ૚૚ %
(PDG 2015)

- Current	PDG	:	BF(Λc
+	➝	Λ	+	X)	=	(35±11)%  

Large	rate,	but	also	with	large	uncertainty…	
- Double	tag	method:	Tagged	with	two	modes;	pKπ	and	pKS.	
- Extract	yields	from	2D	distribu`ons	in	bins	of	ppπ	and	|cosθ|,	  

where	θ	is	the	polar	angle	w.r.t.	the	beam	pipe.

- BF(Λc
+	➝	Λ	+	X)	=	(36.98±2.18)%	

- Also,	looked	for; 
 
 

- ACP	=	+0.02±0.06.

To study the CP violation in Λ஼ decay, we obtain the BF’s of Λ஼ା → Λ ൅ ܺ and Λ஼
ି → Λ ൅ ܺ separately. 

The CP asymmetry is defined as:

CP violation in Λ஼ decay

The tag yields are: The CP asymmetry: 

Thanks for your attention ! 5
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selection are applied. We further identify a charged track as
an eþ by requiring the probabilities calculated with the
dE=dx, TOF, and EMC satisfying the criteria L0

e > 0.001
and L0

e=ðL0
e þ L0

π þ L0
KÞ > 0.8. Its energy loss due to

bremsstrahlung photon(s) is partially recovered by adding
the showers that are within a 5° cone about the positron
momentum. As the neutrino is not detected, we employ the
kinematic variable

Umiss ¼ Emiss − cj~pmissj

to obtain information on the neutrino, where Emiss and ~pmiss
are the missing energy and momentum carried by the
neutrino, respectively. They are calculated by Emiss ¼
Ebeam − EΛ − Eeþ and ~pmiss ¼ ~pΛþ

c
− ~pΛ − ~peþ , where

~pΛþ
c
is the momentum of Λþ

c baryon, and EΛð~pΛÞ and
Eeþ (~peþ) are the energies (momenta) of the Λ and the
positron, respectively. Here, the momentum ~pΛþ

c
is given by

~pΛþ
c
¼ −p̂tag

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam −m2

Λ̄−
c

q
, where p̂tag is the direction of

the momentum of the ST Λ̄−
c and mΛ̄−

c
is the nominal Λ̄−

c

mass [2]. For signal events, Umiss is expected to peak
around zero.
Figure 2(a) shows a scatter plot ofMpπ− versusUmiss for the

Λþ
c → Λeþνe candidates in data. Most of the events are

located around the intersection of the Λ and Λeþνe signal
regions. RequiringMpπ− to be within the Λ signal region, we
project the scatter plot onto the Umiss axis, as shown in
Fig. 2(b). TheUmiss distribution is fittedwith a signal function
f plus a flat function to describe the background. The signal
function f [30] consists of a Gaussian function to model the

core of the Umiss distribution and two power law tails to
account for the effects of initial- and final-state radiation:

fðUmissÞ ¼

8
>>><

>>>:

p1

"
n1
α1
− α1 þ t

#−n1 ; t > α1

e−t
2=2; −α2 < t < α1

p2

"
n2
α2
− α2 − t

#−n2 ; t < −α2

ð1Þ

where t ¼ ðUmiss − UmeanÞ=σUmiss
, Umean, and σUmiss

are
the mean value and resolution of the Gaussian
function, respectively, p1 ≡ ðn1=α1Þn1e−α

2
1=2 and p2≡

ðn2=α2Þn2e−α
2
2=2. The parameters α1, α2, n1, and n2 are fixed

to the values obtained in the signal MC simulations. From the
fit, we obtain the number of SL signals to be 109.4% 10.9.
The backgrounds in Λþ

c → Λeþνe arise mostly from
misreconstructed SL decays with correctly reconstructed
tags. There are two types of peaking backgrounds. The first
comes from non-Λ SL decays, which are studied using data
in the Λ sideband in Fig. 2. We obtain the number of events
of the first type of backgrounds to be 1.4% 0.8, after
scaling to the Λ signal region. The second peaking back-
ground arises from Λþ

c → Λμþνμ and some hadronic
decays, such as Λþ

c → Λπþπ0, Λπþ, and Σ0πþ. Based
on MC simulations, we determine the number of back-
ground events of the second type to be 4.5% 0.5. After
subtracting these background events, we determine the net
number of Λþ

c → Λeþνe to be Nsemi ¼ 103.5% 10.9,
where the uncertainty is statistical.
The absolute BF for Λþ

c → Λeþνe is determined by

BðΛþ
c → ΛeþνeÞ ¼

Nsemi

Ntot
Λ̄−
c
× εsemi × BðΛ → pπ−Þ

; ð2Þ

where εsemi ¼ ð30.92% 0.26Þ%, which does not include
the BF for Λ → pπ−, is the overall efficiency for detecting
the Λþ

c → Λeþνe decay in ST events, weighted by the ST

FIG. 1 (color online). Fits to theMBC distributions for different
ST modes. The points with error bars are data, the (red) solid
curves show the total fits, and the (blue) dashed curves are the
background shapes.

-0.2 -0.1 0 0.1 0.2

1.1

1.12

1.14
(a)

-0.2 -0.1 0 0.1 0.2

-110

1

10

(b)

FIG. 2 (color online). (a) Scatter plot of Mpπ− versus Umiss for
the Λþ

c → Λeþνe candidates. The area between the dashed lines
denotes the Λ signal region and the hatched areas indicate the Λ
sideband regions. (b) Fit to the Umiss distribution within the Λ
signal region. The points with error bars are data, the (red) solid
curve shows the total fit, and the (blue) dashed curve is the
background shape.

PRL 115, 221805 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

27 NOVEMBER 2015

221805-5

BF(Λc
+	➝	Λ	e+	νl)		

PRL	115,	221805	(2015)	and	PLB	767,	42	(2017)

- BF(Λc
+	➝	Λ	μ+	νμ)	=	(3.49±0.46±0.27)%	

- Γ(Λc
+	➝	Λ	μ+	νμ)/Γ(Λc

+	➝	Λ	e+	νe)	  
			=	0.96±0.16±0.04

BF(Λc
+	➝	Λ	e+	νe)	=	(3.63±0.38±0.20)%

- Large	rate	via	the	CF	transi`on,	c	➝	s	l+	νl.	
- First	absolute	BF	measurement!	
- First	measurement	of	its	muonic	mode!46 BESIII Collaboration / Physics Letters B 767 (2017) 42–47

Fig. 1. (a) Distribution of Mpπ− versus Umiss for the "+
c → "µ+νµ candidates in data. The area between the dashed lines denotes the " signal region and the hatched areas 

indicate the " sideband regions. (b) Fit to the Umiss distribution within the " signal region. Data are shown as dots with error bars. The long-dashed curve (green) shows 
the "+

c → "π+π0 background contribution while the dot-dashed curve (blue) shows other contributing backgrounds. The thick line (red) shows the distribution resulting 
from the global fit. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

is used to describe other combinatorial backgrounds. In the fit, we 
fix the number of the "+

c → "π+π0 background events to be es-
timated Nbkg

"π+π0 as described above. From the fit, we obtain the 
number of events of "+

c → "µ+νµ to be Nobs
"µ+νµ

= 78.7 ± 10.5, 
where the uncertainty is statistical only. A fit with unconstrained 
Nbkg

"π+π0 gives 77.1 ± 11.4 events of signal, which is in good agree-

ment with the estimation when Nbkg
"π+π0 is fixed. Based on the 

data in " sidebands in Fig. 1(a), the background events from the 
non-" SL decays are found to be negligible.

The absolute BF for "+
c → "µ+νµ is determined by: 

B("+
c → "µ+νµ) =

Nobs
"µ+νµ

Ntot
"̄−

c
· ε"µ+νµ · B(" → pπ−)

, (3)

where ε"µ+νµ
is the detection efficiency for the "+

c → "µ+νµ

decay, which does not include the BF for " → pπ− . For each ST 
mode i, the efficiency εi

"µ+νµ
is obtained by dividing the DT effi-

ciency εi
tag,"µ+νµ

by the ST efficiency εi
tag. After weighting εi

"µ+νµ

with the ST yields in data for each ST mode i, we determine the 
overall average efficiency ε"µ+νµ

= (24.5 ± 0.2)%. By inserting the 
values of Nobs

"µ+νµ
, Ntot

"̄−
c

, ε"µ+νµ
and B(" → pπ−) [22] in Eq. (3), 

we obtain B("+
c → "µ+νµ) = (3.49 ± 0.46 ± 0.27)%, where the 

first uncertainty is statistical, and the second uncertainty is sys-
tematic as described below.

With the DT technique, the uncertainties on the BF measure-
ment are insensitive to those originating from the ST side. The 
systematic uncertainties for measuring B("+

c → "µ+νµ) mainly 
arise from the uncertainties related to the tracking and PID of 
the muon candidate, " reconstruction, Umiss fit, peaking back-
ground subtraction, Eγ max and M"µ+ requirements, and signal MC 
modelling. Throughout this paragraph, the systematic uncertain-
ties quoted are relative uncertainties. The uncertainties of the µ+

tracking and PID are determined to be 1.0% and 2.0%, respectively, 
by studying a control sample of e+e− → (γ )µ+µ− events. The 
uncertainty of the " reconstruction is determined to be 2.5% by 
studying a control sample of χc J → ""̄π+π− decays. The un-
certainty of Umiss fit is estimated to be 1.5% obtained by varying 
the fitting range and evaluating the fluctuation of the non-peaking 
background shape. The uncertainty due to peaking background 
"+

c → "π+π0 subtraction is estimated to be 2.5% obtained by 
evaluating the variation of Nbkg

"π+π0 when the quoted BF is changed 

Table 2
Summary of the sources of systematic and of the corre-
sponding relative uncertainties for B("+

c → "µ+νµ).

Source Uncertainty

µ+ tracking 1.0%
µ+ PID 2.0%
" reconstruction 2.5%
Umiss fit 1.5%
Peaking background "+

c → "π+π0 2.5%
Eγ max requirement 2.6%
M"µ+ requirement 2.0%
MC model 5.2%
B(" → pπ−) 0.8%
Ntot

"̄−
c

1.0%

MC statistics 0.8%

Total 7.7%

of ±1σ and the shape derived from MC of the "+
c → "π+π0 is 

smeared with a Gaussian function to accommodate the resolution 
difference between the data and MC simulation. The uncertainty 
in the Eγ max requirement is estimated to be 2.6% by using a con-
trol sample of e+e− → pp̄π+π− events. The uncertainty in the 
M"µ+ requirement is estimated to be 2.0% by comparing the ob-
tained B("+

c → "µ+νµ) under the alternative requirements of 
M"µ+ < 2.07 GeV/c2 or M"µ+ < 2.17 GeV/c2 with the nominal 
value. The uncertainty due to the MC signal modelling is estimated 
to be 5.2% by varying the parameterization of the form factor func-
tion according to Refs. [10,26] and by taking into account the q2

dependence observed in data. In addition, there are systematic un-
certainties from the quoted B(" → pπ−) (0.8%), the Ntot

"̄−
c

(1.0%) 
evaluated by using alternative signal shapes in the fits to the MBC
spectra [14], and MC statistics (0.8%). All these systematic uncer-
tainties are summarized in Table 2, and the total systematic un-
certainty is evaluated to be 7.7% by summing up all the individual 
contributions in quadrature.

The ratio of branching fractions B("+
c → "µ+νµ)/B("+

c →
"e+νe) is calculated combining B("+

c → "µ+νµ) measured in 
this work with B("+

c → "e+νe) = (3.63 ±0.38(stat) ±0.20(syst))%
from BESIII [14]. We determine B("+

c → "µ+νµ)/B("+
c →

"e+νe) to be 0.96 ± 0.16 ± 0.04, where the first uncertainty is 
statistical and the second is systematic. In the ratio, common 
systematic uncertainties from the tracking efficiency, the " re-
construction, the quoted BF for " → pπ− , the number of "̄−

c tags 
Ntot

"̄−
c

and the MC modelling, cancel out.
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Summary

- BESIII	has	improved	various	Λc	BFs	significantly  
and	made	measurements	on	some	new	decay	modes	as	
well	based	on	~0.2M	Λc.  

- Will	con`nue	to	study	on	Λc	decays	  
(other	hadronic/semi-leptonic/rare	decays).  

- BESIII	will	keep	collec`ng	data	in	the	next	~	decade.  

- The	current	plan	is	to	accumulate	1M	Λc	in	total  
(along	with	50M	D0/50M	D+/15M	Ds/10B	J/ψ).
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